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and hippocampal interneurons (Anderson et al., 1997;
Pleasure et al., 2000). Additionally, the analysis of chime-
ric, X-gal-expressing mice revealed a nonradial, uniform
dispersion of GABAergic neurons in the cerebral cortex,
consistent with a tangential movement of interneurons,
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The molecular cues that regulate interneuron migra-
tion out of the GE into the neocortex are unknown. TheSummary
soluble guidance cue, slit, repulses GE neurons in vitro,
and its distribution in the GE and along the telencephalicCortical interneurons arise from the proliferative zone
of the ventral telencephalon, the ganglionic eminence, midline is consistent with a repulsive cue preventing the
medial movement of interneurons (Zhu et al., 1999). Butand migrate into the developing neocortex. The spatial
patterns of migratory interneurons reflect the com- other cues are likely to provide guidance toward and into
the dorsal pallium. We have focused on one candidate,plementary expression of hepatocyte growth factor/
scatter factor (HGF/SF) and its receptor, MET, in the hepatocyte growth factor/scatter factor (HGF/SF), a
pleiotrophic molecule that by signaling through its re-forebrain. Scatter assays on forebrain explants dem-
onstrate regionally specific motogenic activity due to ceptor, MET, exhibits motogenic, mitogenic, chemoat-
tractive, and differentiation activities in both neuralHGF/SF. In addition, exogenous ligand disrupts normal
cell migration. Mice lacking the urokinase-type plas- (Ebens et al., 1996; Streit and Stern, 1997; Yamamoto
et al., 1997; Maina et al., 1998) and non-neural tissuesminogen activator receptor (u-PAR), a key component
of HGF/SF activation, exhibit deficient scatter activity (Stoker et al., 1987; Matsumoto and Nakamura, 1997;
Michalopoulos and DeFrances, 1997; Liu, 1999; Stellain the forebrain, abnormal interneuron migration from
the ganglionic eminence, and reduced interneurons in and Comoglio, 1999). The motogenic activity, the stimu-
lation of undirected cell movement away from their origi-the frontal and parietal cortex. The data suggest that
HGF/SF motogenic activity, which is essential for nor- nal position, of HGF/SF has been studied in muscle,
liver, and non-neural cell lines (Gherardi, 1991; Stellamal development of other organ systems, is a con-
served mechanism that regulates trans-telencephalic and Comoglio, 1999). Here, we present evidence that
HGF/SF is a key molecular constituent in guiding in-migration of interneurons.
terneuron migration from the GE to the cerebral cortex.
Introduction
Results
The movement of cells from their birthplace in the em-
bryonic central nervous system (CNS) to their final rest- HGF/SF and c-Met Are Expressed in the
ing position is essential to the formation of normal neural Developing Forebrain and Produce
circuitry. This cell migration requires initiation of move- a Motogenic Signal
ment, guidance through a complex terrain, and ces- The spatial and temporal expression patterns of HGF/SF
sation at the appropriate time and place to integrate and c-Met were characterized in the developing mouse
into functional circuits. While gliaphilic and neurophilic forebrain by in situ hybridization. Previous studies have
mechanisms are well delineated in mediating the cell shown that HGF/SF and c-Met are expressed in the
guidance (Rakic, 1990), the underlying molecular mech- developing and adult olfactory bulb, with much weaker
anisms of initiation and regulation of movement are not hybridization signal in the late prenatal and early postna-
well defined. The problem is particularly complex in the tal cerebral cortex (Honda et al., 1995; Thewke and
forebrain, where the majority of interneurons are derived Seeds, 1996; Achim et al., 1997; Thewke and Seeds,
from the subcortical proliferative center, the ganglionic 1999). Using nonradioactive in situ hybridization, we re-
eminence (GE). produced the expression of HGF/SF in the olfactory
Converging evidence supports the origin of cortical bulb (data not shown) and extended these findings by
interneurons in the basal forebrain, with a ventral to examining earlier prenatal periods, focusing on forebrain
dorsal telencephalic migration of GABAergic cells dur- regions.
ing fetal development. Anatomical mapping of dye- HGF/SF transcript is present in the ventricular zone
labeled progenitor cells in the GE provided the initial (VZ) of the cortex and in the GE as early as E11.5. In
evidence for interneuron migration (de Carlos et al., the dorsal pallium, expression increases dramatically by
1996; Anderson et al., 1997; Tamamaki et al., 1997; Lav- E13.5 (Figure 1A) and continues in the VZ throughout
das et al., 1999). A mouse line created with deleted proliferation, disappearing late prenatally as the progen-
dlx1 and dlx2 transcription factors resulted in cellular itor population is exhausted. HGF/SF is evident in the
agenesis of the GE and a severe reduction of neocortical cortical plate from its inception (E13.5; Figure 1A) and
continues to be expressed as the cortical plate matures
and thickens (E16.5; Figure 1C) until approximately the‡ To whom correspondence should be addressed (e-mail: epowell1@
pitt.edu). end of the first postnatal week, with barely detectable
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noblot analysis to document the temporal and regional
patterns of expression of HGF/SF and MET proteins. In
cell lines, HGF/SF is released as a single chain pro-form
(100 kDa) that must be cleaved to the active form (70
and 30 kDa) (Mars et al., 1995; Matsumoto and Naka-
mura, 1997). Immunoblots from forebrain regions con-
tained barely detectable, inactive single chain HGF/SF,
suggesting that most HGF/SF in the embryonic forebrain
is the activated, z70 kDa form. An intense 70 kDa HGF/
SF band was evident at E13.5 in the cerebral cortex and
GE, with diminishing immunoreactivity at E16.5 (Figure
2A). By P0, HGF/SF was barely detectable in forebrain
homogenates (data not shown). In contrast to HGF/SF,
MET protein increased developmentally, with low levels
of the 145 kDa immunoreactive band in the cortex and
GE at E13.5 (Figure 2B) that increase with age, particu-
larly in cortical extracts. The data indicate that the onset
and general patterns of HGF/SF and MET protein ex-
pression parallel those delineated for their respective
transcripts, although the decrease in detectable HGF/
SF protein at E16.5 is more dramatic than expected from
the in situ images.
The expression analyses demonstrate that HGF/SF
and c-Met mRNA and protein are present in temporal
and spatial patterns to impact forebrain development.
The detection of the cleaved form of HGF/SF (70 kDa)Figure 1. HGF/SF and c-Met mRNAs Are Expressed in the Devel-
oping Forebrain at E13.5 (A and B) and E16.5 (C and D) is suggestive of a biologically active protein. We used
a classic scatter assay, employing MET-expressing(A) DIG-labeled riboprobes for HGF/SF hybridized to cells in the
ventricular zone (VZ) of the cerebral cortex and the ganglionic emi- MDCK cells, to determine if culture medium conditioned
nence (GE) in the E13.5 mouse forebrain. by GE or cortical explants exhibited scatter activity. In
(B) c-Met transcript is present in the VZ of the cortex and GE. the absence of HGF/SF, cultured MDCK cells form small
(C) At E16.5, intense HGF/SF staining is present in the VZ and CP.
clusters (Figure 2C). As expected, the addition of low(D) c-Met expression overlaps with HGF/SF in the VZ and CP of the
concentrations of HGF/SF resulted in MDCK cell disper-cortex, with additional c-Met staining of subplate (SP) neurons.
sion (Figures 2D and 2E), whereas higher concentrationsBar 5 1 mm.
(50 ng/ml) failed to induce a scatter response (Figure
2F; Stoker et al., 1987). Conditioned media from either
E14.5 cortical or GE explants also induced a scatter
HGF/SF in the adult cortex (data not shown). In the
response (Figures 2G and 2H), which was blocked with
ventral telencephalon, HGF/SF is expressed in the prolif-
an anti-HGF/SF antibody (Ab) (Figures 2I and 2J). We
erative cells of the GE as early as E11.5; the hybridization quantified the scatter response by measuring the dis-
signal increases at E13.5, with a weaker signal in the tances between nearest neighbor MDCK cell nuclei.
mantle zone. Through prenatal development, as the pro- When cells are clustered together, as in the control (0
liferative pool of the GE is reduced, HGF/SF signal de- ng/ml HGF/SF), less than 2% of the cells were farther
creases, with remaining weak expression in the postmi- than 80 mm from each other (Table 1). In contrast, 5–10
totic mantle zone at late embryonic ages. ng/ml HGF/SF resulted in an approximate 2-fold in-
The HGF/SF receptor, c-Met, showed a similar ana- crease in the number of the cells farther than 80 mm,
tomical pattern of expression as HGF/SF, although the and a 43% increase in percentage of cells located be-
intensity of staining was considerably lower. c-Met was tween 40 and 80 mm from each other. Conditioned media
barely detectable at E11.5, with the signal increasing from cortex and GE explants showed a profile similar
with age. Whereas all of the cells of the VZ appeared to an HGF/SF concentration of 5–7 ng/ml.
to express the HGF/SF message uniformly (Figure 1A), The conditioned media experiment demonstrates that
the most intense c-Met expression was evident in sub- the fetal cerebral wall and GE produce active HGF/SF,
populations of the progenitor cell pool. Hybridization but the assay does not provide spatial information re-
signal was most evident in cells closest to the ventricular garding activity. We developed a second strategy for
surface (Figure 1B). As noted for HGF/SF, c-Met expres- directly assessing the motogenic activity of HGF/SF.
sion in the proliferative pool of the cerebral cortex and Dye-labeled MDCK cells were plated at high concentra-
striatum decreases with age and is low postnatally. Cells tion on coronal sections of fresh embryonic (E13.5–
residing in the cortical plate and subplate also are c-Met E18.5) telencephali, supported on membrane filters.
positive (Figure 1D). In contrast to HGF/SF, c-Met ex- After 2 hr in culture, the MDCK cells settled and attached
pression in the cortical plate remains high early postna- in a relatively uniform fashion on the sections, without
tally, with a moderate signal persisting in the adult. apparent regional differences (Figure 3A). MDCK cells
Specific antibodies to both HGF and MET are available typically formed clusters across all regions. After 24 hr,
but failed to provide sufficient resolution and sensitivity many areas of the forebrain sections were devoid of
MDCK cells (Figures 3B and 3C), which had scatteredfor immunocytochemical analysis. Thus, we used immu-
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as the cortical intermediate zone, had a higher density
of MDCK cells.
In order to verify our qualitative observations, we cal-
culated the area fraction occupied by MDCK cells 24 hr
after plating on the E13.5 and E16.5 forebrain sections
(Figure 3E). Scatter activity was comparable at both
ages. In regions of high HGF/SF expression in the cere-
bral wall, such as the VZ or CP, MDCK cells covered
only 2%–3% of the area. In contrast, regions of very low
HGF/SF expression (IZ and MZ) had substantially higher
cell densities, with z8%–10% of the area occupied by
MDCK cells. In the ventral telencephalon, MDCK cells
covered z3% of the GE, whereas in low HGF/SF ex-
pressing regions, such as the mantle zone, z7%–8%
was covered. Consistent with these findings, we found
that scatter activity was substantially reduced at E18.5
when HGF/SF transcript and protein expression is low.
Thus, in the cortical VZ, the low area fraction values of
2%–3% at E13.5 and E16.5 increased to 8% at E18.5.
In order to verify that the motogenic response was due
to HGF/SF, MDCK cell scatter was assessed in the pres-
ence of neutralizing Abs to HGF/SF. Anti-HGF/SF Ab
greatly diminished the scattering response at 24 hr (Fig-
ure 3D), resulting in an overall increase in MDCK cells
that were distributed relatively uniformly when com-
pared to controls (Figure 3F). Control Ab had no effect
on the scatter response. The combined data demon-
strate that the forebrain exhibits measurable motogenic
activity, attributable to HGF/SF, in a spatial pattern con-
sistent with expression levels.
Exogenous HGF/SF Disrupts Patterned Migration
of Cells from the GE
The expression patterns of HGF/SF demarcate the fore-
brain route of migrating GABAergic interneurons that
emanate from the GE and migrate into the dorsal pallium
by way of the intermediate and marginal zones (Parna-
velas, 2000). Postnatally, there is a substantial invasion
of interneurons into the CP (Miller, 1986; Lavdas et al.,
1999), correlating temporally with the downregulation of
HGF/SF. If HGF/SF functions in part to guide migrating
interneurons, then the addition of an excess of HGF/SF
should disrupt the normal concentration differences andFigure 2. Expression of HGF/SF and MET Protein and Bioactivity
alter the migration pattern. Following DiI labeling, wein the Cortex and GE
analyzed the migration of GE cells in collagen-embed-(A and B) Immunoblots probed for either HGF/SF (A) or MET (B)
show that both proteins are expressed in the cerebral cortex (Ctx) ded, organotypic tissue slices from E12.5 to E14.5 fore-
and GE. HGF/SF expression appears greater at E13.5 than at E16.5 brains. After 30–48 hr in culture, between 20 and 40 DiI-
(A), whereas MET expression increases from E13.5 to E16.5. labeled cells had reached the cortex in 87% (n 5 104)
(C–J) HGF/SF in the developing forebrain induces scatter of MDCK of the explants (Figures 4A and 4E; Anderson et al.,cells. The images display MDCK cells that were plated at identical
1997; Lavdas et al., 1999). The cell morphology was asdensities and stained with the nuclear dye DAPI. In the absence of
described previously (Anderson et al., 1997; Lavdas etHGF/SF, MDCK cells typically aggregate (C), but in the presence
of 5 ng/ml (D) or 10 ng/ml HGF/SF (E), the cells disperse. High al., 1999), and the cells followed the characteristic mi-
concentrations of HGF/SF (F) fail to generate a motogenic response. gratory pathways that correspond to zones of low HGF/
Conditioned medium from E14.5 explants of either cortex (G) or SF expression (Figure 4B). When sections were grown
ganglionic eminence (H) induces MDCK cell scatter, which is in the presence of exogenous HGF/SF (10 ng/ml) in theblocked in the presence of anti-HGF/SF antibody (I and J). Bar 5
collagen matrix (Figure 4D), the migration pattern of DiI-200 mm.
labeled cells from the GE was severely disrupted. More
cells migrated out of the DiI injection site, compared to
control cultures (compare Figure 4H with 4G). However,away to settle onto the underlying filters (out of the plane
of focus). Most interesting, of the remaining cells on the the increase in DiI-labeled cells emanating from the GE
did not lead to an increased number of cells reachingexplant, the fewest were present in the embryonic zones
that corresponded to the highest HGF/SF expression. the cerebral wall (Figure 4F). Only 11% of the explants
(n 5 64) demonstrated limited cell migration (2–10 DiI-In contrast, areas that expressed minimal HGF/SF, such
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Table 1. Cell–Cell Distances Measure Scattering Activity
HGF/SF Concentration
Percent of cells 3 micrometers
from each other 0 ng/ml 5 ng/ml 10 ng/ml 50 ng/ml Ctx CM GE CM
,40 mm 76.5 64.5 68.3 69.5 56.9 60.4
40–80 mm 21.3 30.4 28.4 16.8 32.2 29.1
.80 mm 1.9 4.8 3.3 1.7 7.1 5.9
labeled cells) into the cortex. Instead, labeled cells were detectable in the u-PAR2/2 extracts, possibly due to
dramatically decreased HGF/SF levels. The lower levelspresent in regions that normally have few dye-labeled
cells, such as the ventral mantle zone of the striatum. HGF/SF in the u-PAR2/2 mouse suggested reduced
scatter activity. To test this directly, we seeded MDCKIn addition, many DiI-labeled cells migrated into the col-
lagen-filled lateral ventricular space, which never oc- cells on E16.5 forebrain sections from WT and u-PAR2/2
mice. Cell scatter on the WT tissue was normal (Figurecurred in the absence of exogenous HGF/SF (Figure 4I).
When control explants were cultured in the presence of 5B), appearing identical to the assays using C57Bl/6J
mice (Figure 3A). For example, in the GE-VZ, WT andanti-HGF/SF Ab, minimal cell movement from the injec-
tion site was observed (data not shown) and DiI-labeled control Ab sections had area fraction values of 4.5%
and 3.8%. Remarkably, a large number of MDCK cellscells were not found in the cerebral wall (n 5 18).
In a separate set of experiments, we assessed the remained on sections prepared from the u-PAR2/2 mice
(Figure 5C), appearing similar to the scatter obtainedphenotype of GE cells that were responsive to exoge-
nous HGF/SF. Explants were grown in the presence or on wild-type sections in the presence of anti-HGF/SF
(Figure 3D). Here, for example, the GE-VZ of theabsence of HGF/SF and stained with anti-TUJ-1, the
class III b-tubulin that is expressed by early neurons, u-PAR2/2 section had 11.8% of the area covered by
MDCK cells, and normal sections treated with anti-HGF/and either anti-calbindin, a marker of interneurons (Liu
and Graybiel, 1992) that has been used to monitor in- SF Ab had 12.0% (Table 2). When the distribution of
MDCK cells was analyzed quantitatively, the previouslyterneuron migration (Anderson et al., 1997), or anti-MET,
indicative of a cell capable of responding to HGF/SF. noted differences in cell density between HGF/SF and
non-HGF/SF producing regions, such as the GE-VZ andAfter 24 hr, most cells that migrated off the edge of
control explants were TUJ-11, reaching distances of the GE-MZ, were diminished in the u-PAR2/2 forebrain
(Figure 5D). The combined data from the immunoblots50–150 mm from the tissue. In control explants, we only
visualized a few neurons that were also calbindin1 (Fig- and the MDCK scatter assay are consistent with re-
duced levels of biologically active HGF/SF in the u-PAR2/2ure 4J), but after addition of HGF/SF (10 ng/ml), many
more cells migrated and were calbindin1 (Figure 4K). forebrain.
We hypothesized that the reduction of HGF/SF andMigration typically extended 100–300 mm, and even up
to 500 mm. Double labeling of separate explants showed MET in the u-PAR2/2 mice should lead to a defect in
interneuron migration. We analyzed the number of cal-that most of these cells expressed MET (Figure 4M),
and in some instances, a polarized distribution of MET bindin1 cells in the cerebral cortex of the null mice at
E16.5, during migration, and at birth (P0), after most ofimmunoreactivity was evident on processes and growth
cones of the TUJ-11 neurons. These data are consistent the migration had occurred. Consistent with a defect in
interneuron migration, there were fewer calbindin1 cellswith HGF/SF serving as a motogen for cortical in-
terneuron populations that are derived from the GE. in the u-PAR2/2 cortex at E16.5 and P0 (Figures 6B
and 6D) when compared to WT (Figures 6A and 6C).
Moreover, there was an abnormal accumulation of cal-Calbindin1 Cells Are Decreased in the Cortex
of the u-PAR2/2 Mouse bindin1 cells below the corticostriatal sulcus in the
u-PAR2/2 mouse (Figures 6G and 6H). Regional quanti-Our data suggest that HGF/SF serves as a molecular
cue for interneuron migration. While the most direct eval- tative analysis confirmed a large decrease in calbindin1
cells in the cortex at P0. In WT mice, the number ofuation would be to assess interneuron migration in HGF/
SF or c-Met null mice, the gene mutations individually calbindin1 cells was relatively constant across the ros-
trocaudal axis. In the u-PAR2/2 mouse, however, fronto-result in embryonic lethality before E14.5 (Bladt et al.,
1995; Schmidt et al., 1995; Uehara et al., 1995). We parietal regions exhibited a 55%–65% decrease in cal-
bindin1 cells, with a more modest 15%–20% reductiontherefore utilized a different genetic approach, focusing
on a mouse devoid of the urokinase-type plasminogen in the caudal-most sections (Figure 6I). The general cyto-
architecture of the WT and u-PAR2/2 mouse brains wasactivator receptor (u-PAR) gene. Under conditions in
which urokinase-type plasminogen activator (u-PA) comparable, with all embryonic zones of the dorsal and
ventral telencephalon formed. Qualitatively, it appearedbinds to u-PAR, the inactive pro-form of HGS/SF is
cleaved to biologically active protein (Naldini et al., 1992; that the cortical plate in the u-PAR2/2 mice was well
laminated, but the general packing density and thick-Mars et al., 1996).
Immunoblots of extracts from the forebrain of E12.5 ness of the cerebral wall was altered modestly (Figures
6E and 6F). The overall reduction in calbindin1 cells inand E16.5 u-PAR2/2 mice revealed z70 kDa and 145
kDa bands for HGF/SF and MET, respectively, but each the cerebral cortex, and the increased accumulation
subcortically, is consistent with a defect in interneuronwas particularly faint compared to their WT counterparts
(Figure 5A). An increase in single chain HGF/SF was not migration from the GE into the dorsal pallium.
HGF/SF Regulates Interneuron Migration
83
Figure 3. MDCK Cells Scatter Away from HGF/SF-Expressing Regions on Sections of Embryonic Forebrain
PKH26-labeled MDCK cells were seeded onto sections of E16.5 forebrain. (A)–(D) illustrates labeled MDCK cells on sections; (A9)–(D9) displays
DAPI staining used to visualize the sections. Higher magnification of the MDCK cells (A–D) are shown in (A99)–(D99).
(A) Two hours after plating, MDCK cells adhere in a relatively uniform fashion on the forebrain section.
(B and C) Sections from two different levels of the forebrain after 24 hr in culture. Most of the MDCK cells have scattered off the tissue onto
the filters that support the brain slices, which are in a different focal plane. Those cells that remained reside on regions of lowest HGF/SF
expression, the intermediate zone (IZ) of the cortex and the mantle zone (MZ) of the GE. White lines demarcate embryonic zones.
(D) The addition of anti-HGF/SF blocking antibody reduces MDCK cell scatter off the forebrain section.
(E) Quantification of MDCK cell scatter on sections from E13.5 (open bars) or E16.5 (black bars) forebrain. A low area fraction value reflects
greater movement of MDCK cells out of that particular zone, corresponding to areas of high HGF/SF expression. The single asterisk denotes
a significant difference between the GE-MZ and GE-VZ, and between the CTX-IZ and either CTX-VZ or CTX-CP at E13.5 (p , 0.05). Double
asterisks show the significant differences of the same comparisons at E16.5.
(F) Quantitative analysis of E16.5 forebrain sections treated for 24 hr with anti-HGF/SF (black bars). In comparison to the control experiment,
antibody treatment blocked MDCK cell scatter, resulting in equivalent area fraction values across all forebrain zones. Asterisks denote a
significant difference between control and antibody treated regions at the p , 0.05 level. Bar 5 2 mm (A–D and A9–D9) and 500 mm (A99–D99).
Discussion trans-telencephalic migration of interneurons. Disrup-
tion of the normal expression pattern of HGF/SF resulted
in undirected cell scatter from the GE, even into theThe discovery of interneuron migration from the ventral
telencephalon to the cerebral cortex has led to a search ventricle, and dramatically decreased the number of GE-
originating cells in the cortex. Moreover, the reductionfor the underlying molecular cues. Our demonstration
of HGF/SF as a key participant in successful interneuron of HGF/SF and MET in the u-PAR2/2 mouse, correlated
with a decline in the number of calbindin1 interneuronsmigration highlights yet another important role for mole-
cules with complex, pleiotrophic activities in regulating in the cortex.
specific developmental events (Lillien, 1998). In this re-
port, we have shown that HGF/SF and MET are ex- Expression Patterns of HGF/SF Reflect Patterns
of Interneuron Migrationpressed in appropriate temporal and spatial patterns in
both the GE and the cerebral wall to provide specific Neurons must exit the GE before initiating directed
movement toward the cerebral cortex. HGF/SF expres-motogenic cues. The experimental studies using novel
motility assays, and the initial analysis of the u-PAR null sion in the GE between E11.5 and E16.5, particularly
close to the ventricle, is consistent with an initiatedmouse, provide the first evidence that the HGF/MET
signaling system serves as a key component in the movement out of the GE by cells upon expression of
Neuron
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Figure 4. Exogenous HGF/SF Disrupts Pat-
terned Migration of Cells from the Ganglionic
Eminence
The GE of forebrain explants was injected
with DiI and the labeled cells migrated from
the injection site over a 48 hr period of incuba-
tion. Micrographs in the left column illustrate
control sections; the right column has been
treated with exogenous HGF/SF (10 ng/ml).
The schematic of a typical control explant
(B) demonstrates the migration pathways (red
arrows) of cells (red circles) that reach the IZ;
the expression patterns of HGF/SF are shown
(purple regions). Schematic of a typical result
(D) when HGF/SF is added to explants and the
surrounding collagen gel (D). The DiI-labeled
cells migrated abnormally along many differ-
ent trajectories and typically failed to reach
the cerebral wall. (A) Micrograph demon-
strates the injection site into the GE (box
shown in [G]). Even at this low magnification,
a large number of DiI-labeled cells are evident
in the cerebral wall (box shown in [E]). (C)
Explant after addition of HGF/SF. Injection
site is located in the GE (box shown in [H]).
The ventricular space, filled with collagen
also contains DiI-labeled cells (box shown in
[I]), but very few cells are seen in the cerebral
wall (box shown in [F]). (E) The cerebral wall
in a control explant illustrates a large number
of DiI-labeled cells. (F) Very few labeled cells
are seen in the cerebral wall in explants
treated with exogenous HGF/SF. (G) Injection
site in the control explant reveals DiI-labeled
cells that are still migrating laterally from the
GE. (H) The addition of HGF/SF results in a
large increase in the number of DiI-labeled
cells that migrate in all directions from the GE
injection site. (I) Exogenous HGF/SF causes
migration into the lateral ventricular space.
(J–M) Characterization of GE cells that are
responsive to exogenous HGF/SF (K and M)
as compared to control (J and L). All explants
were stained with anti-TUJ-1 (green fluoro-
phore). The white dashed line denotes the
edge of the explant. (K) Exogenous HGF/SF
increased the number of calbindin1 neurons
(red fluorophore, white arrows) that exited the
explant compared to control (J). (L) MET (red
fluorophore, white arrows) was observed in
the cell somata in control cells. (M) Staining
extended in a polarized fashion to growth
cones in cells exposed to HGF/SF (white
arrows). Bar 5 1 mm (A and C), 200 mm (G–I),
100 mm (E and F), 50 mm (J and K), and 30
mm (L and M).
c-Met. Our in situ labeling suggests an uneven distribu- pathways into the dorsal pallial intermediate and mar-
ginal zones (de Carlos et al., 1996; Tamamaki et al.,tion of transcript-positive cells, with the greatest accu-
mulation where cytokinesis occurs. In fibroblasts, polar- 1997; Lavdas et al., 1999). Thus, interneurons move be-
tween the regions of highest HGF/SF expression, theized u-PAR distribution can mobilize directional cell
movement (Waltz et al., 2000). In our own studies, polar- cortical plate and cortical ventricular zone. While only
correlative, we also note that there are few GABAergicized MET expression was evident on migrating cells
from GE explants. These expression data suggest that cells in the cortical plate until late prenatal/early postna-
tal ages (Miller, 1986; Rogers, 1992), corresponding tem-in the forebrain, c-Met and u-PAR may be tightly regu-
lated in the progenitor cell population, which would con- porally with the largest reduction in HGF/SF transcript
and protein that we observed. Future misexpressionfer motogenic responsiveness to HGF/SF at an appro-
priate time to exit the proliferative zone. Subsequently, studies, in which HGF/SF and MET levels are manipu-
lated dynamically in vivo, will test directly our hypothesisthere is extensive, stereotyped movement of GABAergic
cells into the cerebral cortex, following two primary that dynamic regulation of HGF/SF and MET expression
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Figure 5. HGF/SF Expression and Biological
Activity Are Decreased in the u-PAR2/2
Mouse
(A) Immunoblot demonstrates a decrease
in HGF/SF and MET immunoreactive bands
in E12.5 and E16.5 forebrain extracts of
u-PAR2/2, compared to WT.
(B) Typical MDCK cell scatter on sections
from the E16.5 WT mouse. Note the accumu-
lation in the migratory zones of the forebrain.
(C) On forebrain sections from the E16.5
u-PAR2/2 mouse, the scattering response is
greatly reduced, with many more MDCK cells
remaining on the tissue after 24 hr than in the
wild type. Bar 5 500 mm.
(D) The distribution of MDCK cells on the dif-
ferent embryonic zones is relatively uniform
on the u-PAR2/2 sections (black bars), indica-
tive of reduced HGF/SF. Asterisks denote a
significant difference WT and u-PAR2/2 sub-
strates at the p , 0.05 level.
controls the timing of interneuron migration in the fore- null mouse, which had not been studied previously for
a nervous system phenotype. Our data indicate thatbrain.
both HGF/SF and its requisite receptor, MET, are down-
regulated in the u-PAR2/2 mouse. Moreover, the MDCKHGF/SF as a Motogen for Interneurons
HGF/SF has been shown to promote the movement of motogenic assay on brain slices demonstrates that the
u-PAR2/2 forebrain promoted only limited MDCK cellcell lines and myogenic and connective tissues (Birch-
meier and Gherardi, 1998; Stella and Comoglio, 1999). motility. These data suggest that if GE-derived interneu-
rons require HGF/SF for proper migration, then in theOur experiments demonstrate biologically active HGF/
SF in the embryonic forebrain. In the motogen assays, u-PAR null mouse there would be a reduction in the
accumulation of interneurons in the cortex. Indeed, wethe MDCK cells initially distributed evenly across tissue
sections, but within 4 hr cells scatter away from regions discovered a substantial decrease in the number of cal-
bindin1 cells in the neocortex, with an abnormal accu-of highest HGF/SF expression. The scatter response
was blocked in the neutralizing Ab experiment and re- mulation of calbindin1 cells in the ventral telencephalon
at birth. Perhaps most surprising was the finding thatduced in the u-PAR2/2 sections. While other molecules,
such as epidermal growth factor (EGF) can induce scat- the extent of reduction varied along the rostrocaudal
axis, with sections from the most caudal regions exhib-tering in some cell types (Higashiyama et al., 1993), EGF
functions only as a mitogen for MDCK cells (Ridley et iting near normal numbers of calbindin1 neurons. The
finding of a regional effect is consistent with a hypothe-al., 1995). Our combined data indicate that the observed
MDCK cell scattering is due primarily to HGF/SF. sis suggesting a dual origin for calbindin1 neurons in
the occipital cortex, in contrast to parietal and frontalHGF/SF-induced motogenic activity requires proteo-
lytic processing (Naldini et al., 1992). In vitro biochemical regions being served mostly by cells originating from
the GE. It is important to emphasize that there is a partial,analyses show that HGF/SF is activated through enzy-
matic cleavage by plasminogen activators (Mars et al., 50%–60% reduction of interneurons in u-PAR2/2 mice,
in contrast to an almost complete deletion of interneu-1993). u-PA activity is dependent upon binding to the
u-PAR cell surface receptor (Blasi, 1993), providing the rons in Dlx1/2 null mice (Anderson et al., 1997). This
suggests that residual HGF/SF, and perhaps other fac-rationale for examining motogenic activity in the u-PAR
Table 2. Comparison of MDCK Cell Scatter on Control and u-PAR2/2 Forebrain Sections
Percent of Area Covered by MDCK Cells
Region Control 1 Anti-HGF/SF Ab WT u-PAR2/2
GE-VZ 3.8 6 0.7 12.0 6 2.5 4.5 6 0.6 11.8 6 1.8
GE-MZ 13.2 6 2.2 16.5 6 1.8 16.0 6 2.0 8.3 6 1.4
CTZ-VZ 4.6 6 0.7 11.7 6 1.9 5.2 6 0.6 11.5 6 2.6
CTX-IZ 9.4 6 2.3 12.7 6 2.5 19.0 6 3.7 15.4 6 3.6
CTX-CP 5.7 6 1.3 17.4 6 1.7 5.1 6 0.7 9.4 6 1.8
Values are mean 6 SEM, n . 12.
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SF acts as a motogen. However, an alternative mecha-
nism could involve HGF/SF serving as a differentiation
or survival factor as reported in the spinal cord (Ebens
et al., 1996; Maina et al., 1998). Both BDNF and NT-4
have been shown to influence the differentiation of
GABAergic neurons and increase the calbindin1 popula-
tion (Fiumelli et al., 2000). HGF/SF has been widely re-
ported to potentiate the effects of some growth factors
(Maina et al., 1997, 1998; Davey et al., 2000). Recently,
in vitro studies showed that HGF/SF can increase the
number of calbindin1 cells alone or in combination with
BDNF and NT-3, but HGF/SF does not alter the total
number of GABAergic neurons (Korhonen et al., 2000).
Thus, HGF/SF may affect the phenotypic properties of
non-GABAergic, calbindin1 cortical projection neurons,
but not interneurons. Several findings from our own
studies also suggest that potential differentiation or sur-
vival effects of HGF/SF on interneurons are unlikely.
First, in the explant experiments, the addition of exoge-
nous HGF/SF did not increase the number of calbindin1
cells (data not shown), although migration from the ex-
plant was enhanced. Second, calbindin1 cells accumu-
late below the corticostriatal sulcus in the u-PAR2/2
mice as early as E16.5, and continue to accrue in neona-
tal subcortical regions. These findings would be unlikely
if altered cellular differentiation was responsible for the
decreased cortical interneurons in the u-PAR2/2 mice.
The data indicate that calbindin1 cells are generated in
the u-PAR null mice, but many neurons fail to migrate
properly due to decreased HGF/SF signaling.
Molecular Cascades Implicated in Directed
Interneuron Migration
While u-PA has been shown to cleave HGF/SF into its
active form (Mars et al., 1993, 1996), tissue-type plas-
minogen activator (t-PA) also can activate HGF/SF (Mars
et al., 1993). The absence of t-PA alters cerebellar gran-
ule cell migration (Seeds et al., 1999). In light of the
substantial, though incomplete defects of GE inter-
neuron migration in the u-PAR2/2 mice, it is possible that
the absence of u-PAR may be compensated partially by
t-PA, or even u-PA that is functioning in the absence of
u-PAR. However, we have observed a less pronounced
Figure 6. Interneurons Are Decreased in the Neocortex of the decrease in calbindin1 cells in the u-PA and t-PA null
u-PAR2/2 Mouse mice (data not shown). As noted above, other cues,
Coronal sections through the cortex show calbindin immunoreactiv- such as slit (Zhu et al., 1999), could partially offset the
ity in the WT (A and C) and u-PAR2/2 (B and D) mouse at E16.5 and reduction in HGF/SF activity in the u-PAR2/2 mice.
P0. (E) and (F) are DAPI staining of the same sections as (C) and u-PAR also is involved, at several levels, in the modu-
(D), respectively. In the DAPI sections, the overall packing density
lation of cell movement (Ossowski and Aguirre-Ghiso,of cells in the cortex appears to be greater in the u-PAR2/2 mouse
2000). In addition to its role in facilitating the activationcompared to wild type, although the deep cortical layers can still
of HGF/SF by binding u-PA, direct u-PAR, or u-PAR-be recognized. (G) Very few calbindin1 cells remain on the striatal
side of the corticostriatal sulcus at P0 in the WT, but a large accumu- integrin signaling can modulate cell adhesion, migration,
lation is evident in the u-PAR2/2 mouse (H). (I) Quantification of and differentiation. u-PAR2/2 mice also show deficien-
calbindin1 cells in the neocortex at P0 demonstrates a 55%–65% cies in neutrophil migration by a protease-independent
reduction of immunoreactive neurons in the u-PAR2/2 mice (black
mechanism (Gyetko et al., 2000; Waltz et al., 2000). Thus,bars) that is most prominent in sections at the rostral and intermedi-
alterations in interneuron migration in the u-PAR2/2 miceate levels across the anteroposterior axis. The number of calbindin1
may be due to a combination of altered HGF/SF signal-neurons in sections in the most caudal regions is not statistically
different from wild type sections. Asterisks denote a significant dif- ing due to reduced growth factor, downregulated MET
ference at the p , 0.05 level. Bar 5 100 mm. receptor expression, and an absence of direct u-PAR
signaling. It is important to emphasize that the laminar
organization of the cerebral cortex at birth appears rela-tors, such as slit, contribute to interneuron migration in
the u-PAR2/2 mice. tively normal. Although cell-packing density may be al-
tered, the normal histological appearance suggests thatOur results in the u-PAR2/2 mouse indicate that HGF/
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research, West Grove, PA, 1:20,000 dilution). Bound antibody wasa general disruption of cell migration does not occur in
visualized using the ECL kit (Amersham Pharmacia Biotech, Piscata-u-PAR2/2 mice.
way, NJ) and X-omat blue film (Kodak, Rochester, NY).The decreased expression of HGF/SF and MET in the
forebrain of u-PAR2/2 mice is the first demonstration
Quantification of Active HGF/SFin any system of a highly regulated interaction among
MDCK Cell Scattering in Response to Soluble HGF/SF
components of the proteolytic u-PAR signaling cascade. MDCK cells (ATCC, Rockville, MD) were cultured in MEM with 10%
These molecular adaptations reflect an increasingly fetal bovine serum (FBS). For the scattering assay, 8000 MDCK cells
were plated onto glass coverslips. The following day, either thecomplex role of u-PAR in cell migration (Simon et al.,
media was exchanged for MEM/DMEM-F12 (1:1 ratio, serum-free)2000; Waltz et al., 2000). The regulation of HGF/SF and
with known concentrations of HGF/SF or a 1:1 ratio of fresh MEMMET is not consistent across cell types: in the kidney,
and DMEM-F12 which had been conditioned for 48 hr by tissueupregulation of HGF/SF leads to increased MET (Liu et
explants from either E14.5 dorsal cerebral wall or GE. In some experi-
al., 1999), whereas in osteoblasts, the opposite effect ments, a blocking anti-HGF/SF antibody was added (5–10 mg/ml).
was reported (Blanquaert et al., 2000). Based on our Twenty-four hours later, the MDCK cells were fixed with 4% formalin
in PBS, and the cell nuclei were stained with DAPI (4,6-diamidino-own biochemical data in normal mouse forebrain, MET
2-phenylindole, 142 mM). At least three coverslips were used forincreases as HGF/SF decreases. HGF/SF disappears
each condition, and 10 images were analyzed with NIH Image v.postnatally in the cortical plate, in parallel temporally
1.70. For each image the centers of all nuclei (cells) were recordedwith the major GABAergic cell invasion. Thus, dynamic
by NIH Image. Distances between cells were automatically calcu-
regulation of both growth factor and receptor may be lated for each condition.
critical for controlling the timing and direction of cell MDCK Cell Scattering on Tissue Sections
Coronal sections of embryonic brain were embedded in 2% lowmovement.
melting point agarose (SeaPlaque, FMC Bioproducts, Rockland,The present findings demonstrate that HGF/SF serves
ME). The block was cut on a vibratome into 250–300 mm sections,as an important molecular cue for the dispersion of GE-
which were cultured on polycarbonate membranes (Millicell, Corn-generated interneurons to their appropriate locations in
ing, NY) floating on DMEM-F-12 media supplemented with N2.
the dorsal telencephalon. One predicted outcome of MDCK cells were labeled with PKH-26 (Sigma) according to the
the failed interneuron migration is altered physiological manufacturer’s instructions, plated on the surface of the tissue sec-
tions (6 3 104 cells per section), and cultured for 2–24 hr. In someactivity. Initial behavioral observations of u-PAR2/2 adult
experiments, a blocking anti-HGF/SF antibody (10 mg/ml, R&D Sys-mice are consistent with this hypothesis and will be
tems) or control antibody (goat IgG, 10 mg/ml, Jackson Immuno-tested directly in future studies.
Research) was added to the sections.
The sections were fixed with 4% formalin in PBS and stained withExperimental Procedures
DAPI to visualize cell nuclei and cytoarchitecture. Images of areas
of the cortex and GE were obtained for analysis. For each region,Materials
the positions and areas of all the PKH26 labeled MDCK cell clustersUnless otherwise noted, all chemicals and reagents were purchased
were determined by the NIH “Analyze particles” macro and re-from Sigma Chemical (St. Louis, MO). HGF/SF was obtained from
corded. An area fraction was calculated by dividing the area occu-Snow Brand (Toshigi, Japan). Cell culture supplies were purchased
pied by the MDCK cells to the total area of each region. At least 30from GIBCO–BRL (Grand Island, NY). Goat and mouse anti-HGF/SF
sections from three to four different experiments were analyzed. AAbs were obtained from R&D Systems (Minneapolis, MN), and the
Student’s t test was used to determine difference between regions,rabbit anti-MET Ab from Santa Cruz Biotechnology (Santa Cruz,
and after treatment with blocking antibodies. Significance was de-CA). 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine per-
termined at the p , 0.05 level.chlorate (DiI) was obtained from Molecular Probes (Eugene, OR).
GE Cell Migration in Explant SectionsTimed pregnant C57Bl/6J mice were purchased from the Jackson
Cell migration from the GE was detected using the method of Ander-Laboratory (Bar Harbor, ME). u-PAR2/2 mice were obtained from P.
son et al. (1997). Thick vibratome (300 mm) sections of fresh embry-Carmeliet (Center for Transgene Technology and Gene Therapy,
onic forebrain (E12.5–E14.5) were cultured on polycarbonate mem-Flanders Interuniversity Institute for Biotechnology, KULeuven). The
branes in Neurobasal medium supplemented with B27. Cells in themice were genotyped by PCR as previously described (Dewerchin
ventricular zone of the GE were labeled by a pulse of saturated DiI inet al., 1996).
ethanol delivered through a pulled glass needle using a picospritzer.
After injection, the tissue embedded in a collagen gel, and culturedIn Situ Hybridization Analysis
at 378C. In some cases, HGF/SF (10 ng/ml) was added to both theDigoxygenin ribopobes were synthesized with DIG-dUTP (Roche,
culture media and the collagen gel. After 36–48 hr, the sectionsIndianapolis, IN) according to manufacturer’s instructions. The tem-
were fixed with 4% formalin in PBS and counterstained with DAPI.plates for the HGF/SF and c-Met riboprobes were a gift from C.
ImmunohistochemistryAchim (University of Pittsburgh [Achim et al., 1997]). For HGF/SF,
Newborn mice (P0) were transcardially perfused using 4% paraform-a cDNA template from exon 2 through exon 11 (z1.2 kb) was used,
aldehyde in sodium phosphate (0.1 M, pH 7.2), cryoprotected bywhile for c-Met an 866 bp fragment (111–977 nt) was inserted into
immersion in 20% sucrose, and cryosectioned (14 mm) onto gelatin-the pCRII vector. Nonradioactive in situ hybridization was performed
coated slides. Immunocytochemistry was performed according tousing standard methods (Lin et al., 1998).
standard laboratory methods (Eagleson and Levitt, 1999). A rabbit
polyclonal antibody to calbindin (SWANT, Bellinzona, Switzerland)Immunoblots
was used at 1:500 dilution followed by a Cy3-conjugated secondaryTissue samples were homogenized in RIPA buffer (1% NP40, 0.5%
antibody (Jackson Immunoresearch, 1:3000 dilution). The numbersodium deoxycholate, 0.1% SDS in phosphate buffered saline
of calbindin1 cells was counted in 60 coronal sections taken at five[PBS]) with added protease inhibitors (1 mM PMSF, 10 mM pepstatin,
different rostral–caudal levels separated by 300 mm intervals. Four10 mM leupeptin, and 1 mg/ml aprotinin) and stored at 2808C until
WT and u-PAR2/2 mice were used for analysis. Significance wasused. The protein concentration of each sample was determined
evaluated using the Student’s t test at the p , 0.05 level (Statview).with the Micro-BCA assay (Pierce, Rockford, IL). The samples were
mixed with Laemmli sample buffer (Laemmli, 1970) and boiled for
1 min. For each sample, 20 mg total protein was separated on a 9% Acknowledgments
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